The photoproducts obtained from p-phenylene diacrylic acid diethyl ester crystal with various photo-irradiation times were analyzed by liquid ionization (LI) mass spectrometry. It was found that hexadecane was an effective matrix for observing large oligomer ions, trifluoroacetic acid enhanced the protonated molecular peaks, and 2-aminoethanol was useful to produce stable adduct ions of oligomers. The molecular weight distributions were readily determined from the mass numbers of both protonated molecules and molecular adduct ions. Large oligomers up to the hexamer (M.W. 1644) were observed, even though they were insoluble in CHCl3. The topochemical photopolymerization via step-growth process was observed, as has been reported. The mass spectra of the oligomers produced with longer than 20 min photo-irradiation, however, indicated that the reaction between two dimer molecules occurred also to result in formation of species having an even-numbered degree of polymerization, such as tetramer, hexamer and so on. The observed chain-growth may be attributed to the gradual change of molecular arrangement in the reacting crystal during the initial stage of topochemical reaction. The LI method gives detailed information about chemical reactions.
oligomer, p-phenylene diacrylic acid diethyl ester, mass It has been reported that a series of p-phenylene diacrylic acid diesters were polymerized on photo-irradiation via a step-growth mechanism by repeating [2+2] photo-cyclodimerization in the crystalline state.l-3 The photopolymerizations of diolefin crystals have been studied extensively by Hasegawa and his colleagues1'2, but only a few papers have described the features of chain growth along with the reaction process.4-' The determination of molecular weight distribution of the oligomers in the initial stage may be indispensable for the understanding of the reaction mechanism in the crystalline state.
Liquid chromatography such as size exclusion chromatography is usually used for the determination of molecular weight distribution of oligomers.$ However, this method does not give any information on the molecular weight of each fraction and sometimes its resolution is not satisfactory. On the other hand, mass spectrometry is most suitable for the above purpose, because the resolution is very high and the molecular weights of each fraction can be read out directly. 9 For mass spectrometric characterization of oligomers, t To whom correspondence should be addressed .
a variety of soft ionization techniques are commonly applied, such as field desorption (FD)1°,11, fast atom bombardment (FAB)12, electrospray ionization (ESI)13"4, and matrix assisted laser desorption ionization (MALDI). 15, 16 Of interest in the present work is the application of liquid ionization (LI) mass spectrometry17 20 for the characterization of less-and non-volatile oligomers of p-phenylene diacrylic acid diethyl ester (abbreviated as PDAEt). The sequence of reactions is described in Scheme 1. IR and NMR spectroscopies have been generally used to analyze the structures of these photoproducts and the reaction mechanisms.2 As to the molecular weight distributions, previous papers2,5-' have reported that some of unsymmetrically substituted diolefin crystals polymerized with preferential formation of the chemical species having an even-numbered degree of polymerization, such as dimer, tetramer, hexamer, octamer and so on. The observed even-numbered degree of polymerization mechanism of these crystals was unambiguously explained and correlated to their crystal structures.
Liquid ionization (LI) is a kind of soft ionization technique, in which excited argon atoms are utilized and a sample is ionized under atmospheric pressure. LI has several advantages. (1) A matrix having small proton affinity like alkane can be used to enhance protonated molecules for less volatile and thermolabile compounds, such as organometallic compounds, without any fragmentation.2° (2) Several reagents possessing polar functional groups such as -OH, -SH, and -NH2, can be used to produce molecular adduct ions. 2-Aminoethanol has been applied to distinguish the isomers of unsymmetrical diolefin dimer21 and to determine the molecular weights of methyl hydroperoxyoleates.22 (3) Since each component has its own optimum desorption temperature, a mixture can be separated to some extent by programming the sample temperature. Examples have been reported for the separation and determination of polycyclic aromatic hydrocarbons (PAH)23 and various compounds. 17 In the present paper, the application of LI to oligomers derived from the PDAEt crystal with various photoirradiation times is described. Several matrices were examined to enhance the abundance of protonated molecules and/or of adduct ions. The results obtained by LI are compared with their FAB mass spectra. The effects of irradiation times on the molecular weight distribution of oligomers are discussed.
Experimental

Samples and reagents
Oligomer crystals of p-phenylene diacrylic acid diethyl ester (PDAEt) used in this study were synthesized by photo-irradiation using an USHIO UM-102 super-highpressure mercury lamp (100 W). The degree of polymerization depends on the irradiation time. The photopolymerization products were obtained at various irradiation times: i. e. 10, 20, 30, 40 and 60 min, respectively.
Chloroform (Special grade, Junsei Chemical Co. Ltd.), trifluoroacetic acid, ethanol and 2-aminoethanol (Special grade, Wako Pure Chemical Industries Ltd.), and hexadecane (Special grade, Tokyo Chemical Industries Ltd.) were used as purchased.
Instrument
LI mass spectra were measured using a quadrupole mass spectrometer (Extrel EXM2000) equipped with the LI ion source. The principle of LI and its operating procedures have been reported in detail previously1''18 and only the present study is described here. The applied voltage to the needle (sample holder) is 1.35 kV, the distance between the needle tip and pinhole is about 2.5 -3 mm, flow rate of excited argon is 1.21/ min. For normal measurement (soft setting), the voltages applied to the pinhole, skimmer-1 and skimmer-2 are 40, 20, and 2.5 V, respectively. A personal computer (NEC 9801 BX) was used as the data system. Each mass spectrum was obtained between mass range 100 -1250 Da or 250-1750 Da in 2 s/scan. Mass spectra presented in this paper are all the averages for more than 30 mass spectra recorded in succession.
FAB mass spectra were measured by a JOEL JMS AX-500 mass spectrometer, under operating condition of 6 keV xenon atoms bombardment.
Glycerol and 2-nitrobenzyl alcohol (NBA) were used as a matrix.
Infrared spectra were measured by a JASCO IR-810 infrared spectrophotometer.
Sample preparation
About 0.5 -2 mg oligomer sample was mixed with 100 sl hexadecane-CHC13 solution (1:1, by vol.). The sample produced by 10 min photo-irradiation of PDAEt crystal was almost dissolved in this matrix solution, while those produced with photo-irradiation time longer than 30 min were partially dissolved and the sample solutions were not transparent.
When trifluoroacetic acid, in which all oligomers were dissolved, was used as a solvent, a sample solution mixed with the matrix solution was used, although it formed an emulsion because hexadecane was insoluble in trifluoroacetic acid. About 0.5 µl sample solution was deposited on the needle tip, which was then inserted into the LI ion source. A reagent, 2-aminoethanol diluted with ethanol in the ratio of 1:5 by volume was introduced into the ion source through vapor phase. Such reagent is called vapor matrix. The device used in these measurements for introducing vapor matrix was similar to that reported previously. 17,18 LI mass spectra were recorded repeated ly while the sample temperature was raised from 25° C tc 250° C by means of increasing the voltage of a heater around the sample holder. Results and Discussion
Photoproducts of PDAEt crystal in this study have rarely been analyzed by El and CI mass spectrometry The infrared spectra of PDAEt with various irradiation times have been studied. Upon irradiation, the mos notable spectral changes were the decreases in the absorption bands at 1640 cm 1 and 970 cm' assigned tc olefinic double bonds. The results indicate that the [2+2] photocyclization reaction occurred between twc facing double bonds in the crystal. The FAB mass spectrum of PDAEt irradiated for 40 min is presented in Fig. 1 . As a matrix, 3-nitrobenzyl alcohol (NBA) was better than glycerol for obtaining FAB spectra of these oligomers. FAB spectrum shows many low mass peaks, e.g., at m/z 77,154,183 and 226. The molecular peak of the monomer at m/z 274 is very intense. The peaks at m/z 503 and 777 correspond to the fragment ions due to the elimination of an ethanol molecule from the protonated dimer and trimer, respectively. The peak at m/z 826 corresponding to the trimer+4H indicated that one double bond in the trimer molecule was reduced probably during the ionization process. We were unsuccessful in analyzing the oligomers larger than tetramer by FAB mass spectrometry.
As described previously, the main purpose of the present study is to determine the effects of irradiation time on the molecular weight distributions of the oligomers by LI mass spectrometry. It is important to select a good matrix in LI method. A good matrix is a proton donor, having a small proton affinity (PA), it can dissolve or disperse analyte molecules at the needle tip, and it reduces the energy required for desorption, resulting in the enhancement of protonated molecule peaks. Figure 2 shows the LI mass spectra of the oligomers produced by 10 min photo-irradiation of PDAEt crystal. In the case of Fig. 2a) , the sample was dissolved in CHC13 without any matrix. The intense peaks at m/z 275 and 549 corresponding to the protonated monomer (MTh) and dimer molecules (DH), respectively, were observed, but the peak at m/z 823, corresponding to the protonated trimer (TrH+) was very weak, probably because the solvent CHC13 vaporized before the desorption of trimer ions. Since hexadecane has been a good matrix for organometallic compounds19, hexadecane was used and the oligomers larger than trimer were observed in present work.
In the case of Fig. 2b) , the sample mixed with the matrix solution (hexadecane-CHCl3 solution 1:1, by vol.) was deposited on the needle tip. Then 2-aminoethanol, which is used for producing adduct ions, was introduced into the ion source through vapor phase during measurement. The protonated monomer and 2-aminoethanol (EA, M.W.=61) adduct ions of monomer, dimer, trimer, and tetramer were observed at m/z 275, 336, 610, 884 and 1158, respectively. Figure 2b) shows that almost all oligomer molecules favored to form EA adduct ions and the EA adduct ions of trimer, even tetramer, were observed more abundantly compared with Fig. 2a) . Hexadecane (matrix) and 2-aminoethanol (reagent) have good effects to observe larger oligomer ions in these measurements. The results indicate that tetramer and even a traces of hexamer already were produced by 10 min irradiation, although the monomer was the most abundant. Products obtained with longer irradiation times, such as 30, 40, and 60 min, were measured using hexadecane and 2-aminoethanol. Figure 3 shows the LI mass spectrum for oligomers produced by 30 min photoirradiation of PDAEt. Similar to Fig. 2 , peaks at m/z 275, 549, and 823 corresponding to protonated monomer, dimer, and trimer, respectively, were observed. The EA adduct ions of monomer, dimer, trimer, and tetramer were also observed at m/z 336, 610, 884, and 1158, respectively. The relative abundances of EA adduct ions were more abundant than those of the corresponding protonated molecules. The mass spectral pattern observed in Fig. 3 indicates that the dimer is the main product produced by 30 min irradiation.
LI mass spectra (Fig. 4) of the products by 40 min irradiation show two kinds of product patterns a) and b), which were measured with the same experimental conditions. In both spectra (Fig. 4a) and b) ), the EA adduct ions of monomer decreased, the adduct ions of dimer are the most abundant, and those of the tetramer increased with the irradiation time. Some differences, however, were observed in the abundance of trimer ions.
In the case of a), the trimer adduct ions were more abundant than the tetramer adduct ions. In contrast, in the case of b), the tetramer adduct ions were more abundant than the trimer adduct ions. A similar trend is observed for pentamer and hexamer, i.e. the hexamer adduct ions were more abundant than the pentamer adduct ions.
Since oligomers larger than trimer were not dissolved in CHC13, the trifluoroacetic acid was also used as a solvent. All oligomer samples were dissolved in trifluoroacetic acid. Such difference in the sample composition was also observed in the mass spectrum, as shown in Fig. 5 . In the case of Fig. 5 , the sample was dissolved in trifluoroacetic acid and mixed with the same matrix solution (hexadecane+CHC13 1 : 1). Two series of peaks corresponding to protonated dimer, trimer, and tetramer as well as their EA adduct ions were observed. This spectrum indicates that the trifluoroacetic acid leads to the formation of protonated oligomer molecules, in spite of existing 2-aminoethanol.
LI mass spectra of PDAEt oligomers produced by photo-irradiation for 60 min are shown in Fig. 6 . From the characteristic peaks for the individual oligomers, the composition of the products can be readily determined.
In case of Fig. 6a ), oligomer powder was mixed with the matrix solution without addition of 2-aminoethanol. Although the protonated dimer molecule (m/z 549) appeared as the base peak, the protonated trimer and tetramer with similar intensities as well as less intense pentamer and hexamer were also observed at m/z 823, 1097, 1371 and 1647, respectively. When introducing EA into the LI ion source (Fig. 6b) , all oligomer ions observed at m/z 336, 610, 884 and 1158 were corresponding to EA adduct ions of oligomers. The results indicate that the EA adduct ions were more stable than protonated molecules in the case of introduction of EA. The dimer was still the most abundant. In the case of Fig. 6b ), the peak intensity of trimer adduct ion increased, compared with Fig. 5 (40 min) . In contrast, the peak intensity of monomer adduct ion decreased. Selected ion profiles, which we call "thermal desorption profiles", are useful to obtain information about the temperature for desorption of the reaction products. Figure 7 shows thermal desorption profiles of the oligomers produced by photo-irradiation for 60 min. The temperature range for desorption of oligomer adduct ions is shown by the thermal desorption profile. As the temperature of the sample increased, monomer ions appeared at about 100° C, dimer ions at about 140° C and trimer ions at about 170° C. This order is reasonable because of the dependence on their melting points (the m.p, of monomer, dimer, and trimer were 96° C, 127°C and 147°C respectively) and molecular size. The tetramer showed two different desorption temperatures: one was higher than that of trimer as expected, but the other one was lower than that of trimer. The latter signal (lower one) may be due to dimeric ions of dimer, (2D+H+EA)+.
On photo-irradiation, as was expected, the polymerization proceeded in step-growth mechanism to produce oligomers from dimer, trimer, and larger ones. It is interesting to note that for some samples with longer than 20 min irradiation, tetramer was more abundant than trimer, and hexamer was more abundant than pentamer. For some samples, the trimer was more abundant than the tetramer as expected. As the photo-polymerization were carried out in crystalline state, the structures of oligomers should depend on molecular arrangement of the monomer crystals. Based on step-growth mechanism, the photo-polymerization reaction at the initial stage is considered to yield dimer, trimer and tetramer, progressively. When the sample was irradiated for longer than 20 min, reactions between dimer molecules also took place, according to the molecular arrangement. Thermal desorption profiles for oligomers produced by 40 min irradiation (Fig. 8) suggest that the tetramer or hexamer (even numbered oligomers) would be produced from the reactions between dimer and dimer, or dimer and tetramer, because the desorption temperature of dimer and tetramer were lower than those of trimer and pentamer (odd numbered oligomers). Thermal desorption profiles also indicated that the decomposition of oligomer larger than tetramer did not occur in this case (Fig. 8) , but did at much higher temperature.
It is interesting to note that the reaction between dimer and dimer observed in present study deviates from a typical step-growth polymerization mechanism.24 From the crystal structure of PDAEt25,26, equal reaction probability is expected to occur between two intermolecularly facing double bond pairs in the starting crystal, because relative orientation of these double bonds are precisely equivalent. On the other hand, however, after the photoreaction started, the relative orientation of these bonds should deviate gradually from the initial orientation to result in different photoreactivity of each of the residual double bonds in reacting crystals, because during the [2+2] photoreaction, initial orientation should be changed to a certain extent. Such a photodimerization was observed for the first time in the topochemical behavior of symmetric diolefin compound crystals, although similar behavior has been reported on the unsymmetric monomer crystals in which relative orientation is not equivalent for the double bonds in the starting monomer crystal. 5, 6 In conclusion, a suitable matrix, such as hexadecane diluted with CHC13, is effective to obtain protonated molecular ions. The molecular weight distributions of oligomers up to m/z 1644 are clearly observed with hexadecane and the addition of 2-aminoethanol. The LI technique has advantages over FAB for separation by programmed temperature and for determination of molecular weight of oligomers up to m/z 2000 by utilizing suitable matrix and reagents, which provide information about not only the protonated molecules but also molecular adduct ions. The photo-polymerization is mainly by step-growth processes, as reported.3 After 20 min photo-irradiation, however, the results indicate that polymerization between dimer molecules also took place, leading to the formation of tetramer and hexamer. These different processes may be attributed to the gradual changes of the molecular arrangement in the initial stage of reaction. 
